ADDITIONAL INDEX WORDS. chlorophyll fluorescence, CO 2 assimilation, gas exchange, herbicide tolerance, isoxaben, photosynthesis, oryzalin ABSTRACT. Itea virginica L. 'Sprich' (virginia sweetspire), Salix alba L. (white willow), and S. gracilistyla var. melanostachys (Mak.) Miq. (black pussywillow) were treated with a 4 mg·L -1 suspension of two herbicides, isoxaben and oryzalin, a water control (water) or a nonsaturated control (control) for 9 days. Growth and photosynthetic responses were monitored before, during and after the 9-day treatment for a total of 51 days. Growth index of white willow and virginia sweetspire was only reduced by isoxaben treatment while both herbicides reduced the growth index for black pussywillow compared to control. Plant dry weights of the willows were not affected by day 9. Final dry weight was lower for both herbicide treatments for all taxa. The water treatment resulted in lower total dry weight than control only for virginia sweetspire. Isoxaben reduced photosystem II efficiency (Fv/Fm) and CO 2 assimilation (A) following release from treatments of virginia sweetspire and black pussywillow. There were few differences in Fv/Fm and A for white willow. The response to oryzalin was similar to water for most parameters measured for virginia sweetspire and white willow. Growth was more strongly affected by oryzalin for black pussywillow than for other taxa but there were few differences in Fv/Fm or A between oryzalin and control for any of the taxa. Virginia sweetspire and white willow showed promise for use in phytoremediation of oryzalin but none of the taxa performed well under the levels of isoxaben used. Chemical names used: isoxaben (N-[3-(1-ethyl-1-methylpropyl)-5-isoxazolyly]-2,6-dimethoxybenzamide); oryzalin (4-(dipropylamino)-3,5-dinitrobenzenesulforamide).
cide is used extensively (Bhandary et al., 1997a; Skimina, 1992) . Oryzalin, oxyfluorfen and isoxaben caused reduced growth of daylily (Hemerocallis× L.) and fountain grass (Pennisetum rupelli Steudel) at concentrations of 1 and 10 mg·L -1 and root damage to holly (Ilex crenata Thunb.) at 10 mg·L -1 (Bhandary et al., 1997a) . Runoff water and associated contaminants from nurseries that do not recycle irrigation water may contaminate surface or ground water. The contamination of water resources by nonpoint source pollution and the detrimental reintroduction of pollutants onto the crop through recycling necessitates the use of techniques to reduce movement and enhance remediation of agricultural chemicals in runoff waters.
Grasses and semiaquatic plants have been used effectively to remove nutrients and sediments from runoff water (Dillaha et al., 1989; Thut, 1990; Wolverton et al., 1983) . Vegetative filter strips (VFS) are used extensively in treatment of municipal waste waters and runoff waters from pulp mills and livestock feed lots. A VFS is a vegetated area which receives and purifies runoff from an up-slope pollutant source (Chaubey et al., 1994) . Vegetative filter strips cause a reduction in water flow and allow time for plant uptake or infiltration of pollutants into soils and subsequent degradation resulting in reduced transport capacity and sediment movement of runoff waters. Effectiveness of a VFS is based on the flow depth and velocity of the runoff water, vegetation density, incoming sediment and pollutant loads, and size and slope of the VFS (Dillaha et al., 1989) . Vegetative filter strips are a low cost, estimated at $93/t of abated sediment, and practical option for improving the quality of runoff water (Pritchard et al., 1993) . Vegetative filter strips have reduced herbicide and fungicide concentrations in nursery runoff water (Briggs et al., 1998) .
Nonpoint source pollution is becoming a major concern for the nursery industry. The industry must find an effective and economical method for water decontamination. One economical option for removing pollutants from runoff is phytoremediation (Pritchard et al., 1993; Shimp et al., 1993) . Although VFS have been used to filter herbicides and other contaminants effectively, Preemergent herbicides are frequently used in container nursery production to manage weeds. During the growing season, herbicides are often applied at 70-to 90-d intervals. During application, up to 80% of applied pesticides can miss the intended target and fall directly onto the production surface (Gilliam et al., 1992) . Daily irrigation is typical for container nurseries during the peak growing season. Overhead irrigation is the most common type of irrigation used for container nurseries and the same percentage of water can miss the target as pesticides. The combination of pesticides on the production surface and large quantities of water being applied can result in substantial runoff and transport of herbicides to containment basins and/or offsite.
Detectable levels of pendimethalin (N-(1-ethylpropyl)-3,4-dimethyl-2,6-dinitrobenzenamine), oxyfluorfen (2-chloro-1-(3-ethoxy-4-nitrophenoxy)-4-(trifluoromethyl) benzene) and oryzalin were found in water and sediments of containment basins at container nurseries Riley et al., 1994) . Isoxaben was also detected in nursery runoff water (Wilson et al., 1996) . In a runoff study conducted at an ornamental container nursery, Keese et al. (1994) found oryzalin residues of 4 mg·L -1 15 minutes after runoff began on the day of application. In another study, isoxaben residues were found at 3.26 mg·L -1 within the first 20 minutes of runoff on the day of application (Briggs, 1996) . While trace amounts of herbicides can be beneficial for controlling sensitive weeds (Skimina, 1992) , phytotoxicity can result when sensitive nursery crops are irrigated with recycled water containing herbicide residues or when one herbi-land that is used for remediation is lost to production. Aquatic plants in a nursery environment have been evaluated for use in mitigating nutrient levels from catfish production ponds (Bilderback et al., 1993) . A similar technique is envisioned for remediation of runoff water from nursery beds, where runoff is channeled through retention areas with container-grown, semiaquatic plants for remediation of nutrients and pesticides as well as production of these plants for future sale. Use of a remediation area for crop production could be profitable and effective in removing contaminants. Some ornamental herbaceous perennials showed some tolerance to high levels of herbicides likely to be encountered in phytoremediation areas (Fernandez et al., 1999) , however, response of woody ornamental species to such conditions has not been determined. Therefore, the objectives of this study were to determine the response of three woody ornamental plants to two commonly used herbicides, isoxaben and oryzalin, at levels likely to be encountered in such a phytoremediation area.
Isoxaben and oryzalin are classified by the EPA as Group C possible human carcinogens (Anonymous, 1993 (Anonymous, , 2001a . Toxicity of isoxaben to aquatic organisms is considered low (Anonymous, 2000) . The half-life of isoxaben in water ranged from 3.9 d in summer to 65.3 d in winter (Anon., 1996) . Oryzalin is highly toxic to aquatic organisms with an LC 50 or EC 50 value between 0.1 and 1 mg·L -1 for the most sensitive species (Anonymous, 1995 (Anonymous, , 2002 . No hydrolysis of oryzalin was found in water at pH 5, 7, and 9 (Anonymous, 1995) . Isoxaben and oryzalin are considered potential groundwater contaminants in California (Anonymous, 2001b) . Oryzalin is not strongly bound to soil particles and is slightly soluble in water, although it does bind to organic matter (Anonymous, 1996) . In situations with low organic matter content, high rainfall or irrigation, and shallow water tables, oryzalin can present a risk of groundwater contamination (Anonymous, 1996) . Potential groundwater contamination from isoxaben is relatively low since it has a K oc of 1400, is moderately adsorbed to soil particles, and is not easily leached (Anonymous, 1987) . Oryzalin and isoxaben have been found in container nursery runoff water following application of the herbicides and have the potential to contaminate surface water (Briggs, 1996; Keese et al., 1994; Wilson et al., 1996) .
Materials and Methods
This research was conducted in a polyethylene greenhouse at the Horticulture Teaching and Research Center, Michigan State University, East Lansing. Plant response to two common preemergent herbicides, isoxaben (Gallery 75DF) and oryzalin (Surflan 4AS) (Dow AgroSciences, Indianapolis, Ind.), were evaluated. Both of these preemergent herbicides are used commonly in nursery production (Neal and Senesac, 1990; Skroch et al., 1994) . Three plants of ornamental commercial value that are reportedly tolerant of saturated soil conditions, black pussywillow, white willow, and virginia sweetspire, were evaluated as potential phytoremediation candidates. Rooted cuttings received from a commercial propagation nursery were potted in standard no. 1 nursery containers (3.8 L volume) in a 3 pine bark fines : 1 sphagnum peat : 1 composted rice hull substrate on 8 Apr. and 13 June 2000 for virginia sweetspire and the two willows, respectively. All plants were fertilized with a soluble 200 mg·L -1 20N-1.7P-9.2K fertilizer immediately after transplanting and on 3 July.
To determine plant response to the highest expected exposure levels based on previous studies (Briggs, 1996; Keese et al., 1994) , containers were placed in 4.75-L plastic buckets (Leaktite, Leominster, Mass.) to create a treatment reservoir. Treatments applied in the buckets were 1 L of a 4 mg·L -1 suspension of isoxaben or oryzalin, water, or a well-watered (daily irrigation to runoff) but not saturated control. Treatments were imposed 18 to 27 July (day 0 to 9) 2000. There were 14 replications per treatment of each willow and eight replications of virginia sweetspire. The plants were arranged in a completely randomized design. Treatment suspensions or water were applied to the reservoir buckets every second day over 9 d for a total of five treatments. Since herbicides can degrade or be taken up and metabolized by plants, treatments were replaced every other day to maintain a high concentration. Opaque blue buckets were use to decrease herbicide photodegradation. The height of the buckets was equal to the height of the containers. Plants were grown in this system beginning 11 July 2000 until implementation of the treatments. During this time water was supplied to maintain about a 4-cm water reservoir in the buckets so that plants would acclimate to saturated water conditions. After termination of treatments, all plants were watered as they were the week before imposition of treatments. Control plants were not grown in the buckets and were watered daily to runoff from the drainage holes of the containers throughout the duration of the experiment.
Plant performance during treatments and recovery from treatments was determined by measuring growth, leaf gas exchange and chlorophyll fluorescence. Leaf CO 2 assimilation (A), transpiration and stomatal conductance were measured every 2 to 3 d during the treatment period and approximately twice weekly during recovery as weather permitted using a portable infrared gas analyzer (CIRAS-1; PP Systems, Haverhill, Mass.) with a broadleaf chamber (CIRAS-1 Parkinson leaf cuvette, PP Systems, Haverhill, Mass.). One recently mature, fully expanded leaf per plant was measured beginning at ≈1100 h. Photosynthetically active radiation (PAR) and air temperature were measured at the same time as leaf gas exchange with a silica quantum sensor and precision thermistor attached to the leaf cuvette. Dark adapted chlorophyll fluorescence was measured on the same type of leaf using a continuous excitation fluorometer (plant efficiency analyzer, Hansatech Instruments, LTD, King's Lynn, Norfolk, U.K.) on leaves that had been dark acclimated for a minimum of 10 min. Plant height and width were measured 9 d before initial treatment, at initiation of treatment (day 0) immediately following termination of treatment (day 9) and on day 43. Growth index (GI) was calculated as (plant height + width)/2. Six replications of both willows were harvested on day 9 and separated into roots, leaves and shoots for dry weight determination. The remaining eight replicates of all plants were harvested at termination of the experiment on 31 Aug. 2000 (day 44) and separated into roots and shoots for dry weight determination.
Data were subjected to analysis of variance using the PROC GLM procedure of SAS (SAS Inst., Inc., Cary, N.C). Mean separation for leaf gas exchange, chlorophyll fluorescence and GI was by repeated measures in time and for dry weight by Tukey's HSD.
Results and Discussion
Photosynthetically active radiation was >900 µmol·m -2 ·s -1 for most of the days leaf gas exchange was measured (Fig. 1A) . No information was found regarding photosynthetic light saturation for willows or virginia sweetspire, although for many full sun C 3 plants it is between 800 to 1000 µmol m -2 ·s -1 (Crane et al., 1983; Kaufmann, 1982; Sams and Flore, 1982) . Air temperature was between 20 to 30 °C on almost all days during measurement of leaf gas exchange (Fig. 1B) . The optimum rate of photosynthesis for most C 3 plants occurs at temperatures between 20 to 30 °C (Crane et al., 1983; Farquhar and Sharkey, 1982; Sams and Flore, 1982; Sharkey, 1985) . There were few differences in A during the treatment period for virginia sweetspire (Table 1) . However, following release from treatments there was an initial increase in A for the herbicide treated virginia sweetspire followed by a return to control levels for oryzalin-treated plants. Isoxaben-treated plants had lower A than all other treatments following release from treatments through termination of the experiment except for day 29. There were few differences in A for white willow between the control and herbicide treatments, although the water treatment was higher than the control on 4 of the 14 measurement days (Table 1) . Initially, A of the water-treated black pussywillow was lower than the control for a few measurements but following day 9, there was only one difference in A (Table 1) . During herbicide treatment, A was lower for the oryzalin-treated black pussywillows than control for two of the four measurements but only lower for 1 subsequent measurement. Following release from herbicide treatments, A was lower for isoxaben than control only twice and once for oryzalin-treated black pussywillows. Transpiration and stomatal conductance followed the same trends for A (data not shown).
Photosystem II efficiency (Fv/Fm) was reduced up to 50% for isoxaben-treated virginia sweetspire compared to other treatments from the last day of herbicide treatment throughout the recovery period except on day 13 (Table 2) . There were few and inconsistent differences in Fv/Fm among treatments for white willow (Table 2 ). There were no differences in Fv/Fm before or during herbicide treatments for black pussywillow (Table 2 ). However, there was a reduction in Fv/Fm from day 28 to 38 for isoxaben-treated black pussywillow compared to other treatments except the water treatment on day 28.
Reductions in Fv/Fm occurred before the reductions in A for isoxaben-treated plants. Chlorophyll fluorescence is not considered especially sensitive to water stress and usually is affected only after severe water stress (Fernandez et al., 1997; Karukstis, 1991; Krause and Weiss, 1984) . Isoxaben is translocated quickly to leaves (Cabanne et al., 1987) . The mode of action for isoxaben is to inhibit glucose incorporation into acid insoluble cell wall materials (Heim et al., 1990) In a previous study, early reductions in chlorophyll fluorescence for Canna ×generalis and A for isoxaben treatments indicated an effect of the herbicide on photosynthesis rather than changes in water relations caused by damage to the root system (Fernandez et al., 1999) . Results from this study demonstrate an effect of isoxaben on photosystem II and not an effect of water stress since differences in Fv/Fm were rare between water, oryzalin and control for all taxa.
Dinitroaniline herbicides, such as oryzalin, reduced A (Bhandary et al., 1997b) and inhibited photophosphorylation (Moreland et al., 1972a (Moreland et al., , 1972b . Twelve dinitroaniline herbicides were used in studies by Moreland (1972a Moreland ( , 1972b and oryzalin caused the greatest reduction of A. Inhibition of photophosphorylation results in further reduction of A by reducing ATP availability. In a study to simulate contaminated irrigation water, A was reduced at 2 and 4 weeks when plants were irrigated over the canopy daily for 6 weeks with water containing 1 mg·L -1 oryzalin (Bhandary et al., 1997b) . However, dinitroanilines are not readily translocated in plants (Probst et al., 1975) and herbicides did not contact the foliage in this study. Reductions in A for oryzalin-treated plants were rare and occurred much later than for isoxaben-treated plants which could be due either to changes in water relations caused by root damage or accumulation of damaging levels of oryzalin. Although oryzalin is not translocated readily, when using contaminated reclaimed water for overhead irrigation, there is the possibility of absorption by leaves.
Growth was strongly reduced by isoxaben and moderately reduced by oryzalin. Growth index of isoxaben-treated virginia sweetspire decreased by termination of the experiment while GI Fig. 1 . Photosynthetically active radiation (PAR) (A) and air temperature (B) (±sd) during CO 2 assimilation measurements before, during (day 0 of treatment was 18 July 2000) and after 9 d of exposure to 4 mg·L -1 isoxaben and oryzalin. Before and after treatment with herbicides water, isoxaben and oryzalin-treated plants were grown under saturated water conditions and control was watered to runoff through drainage holes daily. During herbicide treatment, water and herbicides were replaced every second day with fresh water or herbicide suspensions and the control was watered to runoff through drainage holes daily.
was similar or higher for oryzalin and water treatments than control ( Fig. 2A) . Growth index of white willow was lower for both herbicides on day 9 compared to control, while only GI for the isoxaben treatment remained lower by the end of the experiment (Fig. 2B) . A pattern similar to that for white willow was seen for black pussywillow except both herbicides resulted in large reductions in GI by termination of the experiment (Fig. 2C) .
Leaf dry weight was lower for oryzalin-treated black pussywillow versus control by the end of treatment although there were no other differences in dry weight for other treatments or for white willow (Table 3) . At termination of the experiment, shoot dry weight was 22% of control for isoxaben-treated virginia sweetspire but no other treatments differed for virginia sweetspire (Table 4) . Root dry weight of virginia sweetspire was 42%, 4%, and 32% of the control for water, isoxaben and oryzalin treatments, respectively. The root to shoot ratio of virginia sweetspire was much lower for water and herbicide treatments versus control. Total dry weight of virginia sweetspire was 57%, 8%, and 48% of the control for water, isoxaben and oryzalin, respectively, with the majority of dry weight reduction being due to large differences in root dry weight, except for isoxaben where both shoot and root dry weights were lower than control. Shoot dry weight of white willow was lower for both herbicide treatments than for the control and water treatment (Table 4 ). There was no Table 2 . Photosystem II efficiency (Fv/Fm) for virginia sweetspire, white willow and black pussy willow before, during (day 0 of treatment was 18
July 2000), and after 9 d of exposure to 4 mg·L -1 isoxaben and oryzalin. Before and after treatment with herbicides, water-, isoxaben-, and oryzalin-treated plants were grown under saturated water conditions and the control was watered to runoff through drainage holes daily. During herbicide treatment, water and herbicides were replaced every second day with fresh water or herbicide suspensions and control was watered to runoff through drainage holes daily. ) for virginia sweetspire, white willow and black pussy willow before, during (day 0 of treatment was 18 July 2000), and after 9 d of exposure to 4 mg·L -1 isoxaben and oryzalin. Before and after treatment with herbicides, water-, isoxaben-, and oryzalin-treated plants were grown under saturated water conditions and the control was watered to runoff through drainage holes daily. During herbicide treatment, water and herbicides were replaced every second day with fresh water or herbicide suspensions and control was watered to runoff through drainage holes daily. .7 a 9.6 a 9.8 a 7.7 a 3.9 a 13.8 a 7.7 b 5.0 a Water 16.4 a 10.8 a 13.8 a 18.9 a 19.8 a 14.9 a 17.9 a 11.0 a 13.7 a 9.3 a 7.1 a 9.7 a 13. difference in root dry weight of white willow between control and water but both herbicide treatments were lower than control and the isoxaben treatment was lower than water as well. The root to shoot ratio of white willow was reduced for isoxaben versus control but no other treatments were different. Total dry weight of white willow was not different between control and water but was lower for both herbicides compared to control and isoxaben also was lower than water. There were no differences in root, shoot, or total dry weight of black pussywillow between control and water treatments. However, both herbicide treatments had lower root, shoot and total dry weights relative to the control and Table 4 . Final dry weight for virginia sweetspire, white willow and black pussy willow exposed to 9 d of saturated water or 4 mg·L -1 isoxaben or oryzalin and 35 d of recovery. Seven days before treatment with herbicides water-, isoxaben-, and oryzalin-treated plants were grown under saturated water conditions and the control was watered to runoff through drainage holes daily. During herbicide (day 0 of treatment was 18 July 2000), water and herbicides were replaced every second day with fresh water or herbicide suspensions and the control was watered to runoff through drainage holes daily. Table 3 . Dry weight after 9 d of exposure to 4 mg·L -1 isoxaben and oryzalin for virginia sweetspire, white willow and black pussy willow. Seven days before treatment with herbicides water, isoxaben and oryzalin treated plants were grown under saturated water conditions and the control was watered to runoff through drainage holes daily. During herbicide treatment, water and herbicides were replaced every second day with fresh water or herbicide suspensions and the control was watered to runoff through drainage holes daily. Before and after treatment with herbicides water, isoxaben and oryzalin-treated plants were grown under saturated water conditions and control was watered to runoff through drainage holes daily. During herbicide treatment, water and herbicides were replaced every second day with fresh water or herbicide suspensions and the control was watered to runoff through drainage holes daily.
water treatments (Table 4) . The root to shoot ratio of black pussywillow was lower for all treatments versus control.
Anoxic conditions can reduce growth of plants unable to oxygenate the rhizosphere (Smucker, 1984) . However, the frequent changes in treatment solutions should not have resulted in anoxia. For virginia sweetspire, shoot dry weight and GI were not affected by the water treatment and only root dry weight was reduced compared to control. The root to shoot ratio was de-creased for most treatments and higher available substrate moisture content in the water treatment may have resulted in a shift of carbohydrates from the roots to the shoots as has been noted for other plants (Smucker, 1984) . A smaller root system may be capable of supplying plant water requirements as substrate moisture content increases (Cripps, 1971; Maggs, 1961) . Water alone did not result in reduced total dry weight or GI for the willows, however, the herbicide treatments resulted in reduced total, shoot and root dry weight and lower GI. There was no difference in shoot dry weight between control, water and oryzalin treatments for virginia sweetspire although isoxaben was lower overall. Oryzalin damage symptoms, shortened and thickened roots, were observed on roots of all oryzalin-treated plants. Oryzalin affects mitosis by inhibiting microtubule formation (Strachan and Hess, 1983) .
Isoxaben had the greatest effect compared to other treatments with large reductions in GI and dry weight for all taxa and consistent decreases in Fv/Fm and frequent decreases in A for virginia sweetspire and black pussywillow. The effects of oryzalin on plant performance were similar to that of water except for black pussywillow where growth was reduced similarly to isoxaben. The major reduction in dry weight for water and oryzalin-treated virginia sweetspire and white willow were due to decreased root dry weight which may have been due to high water availability rather than herbicide damage. However, large reductions were found for both shoot and root dry weight for all isoxaben-treated plants and oryzalin-treated black pussywillow.
Isoxaben was more damaging than oryzalin to all taxa in this study. Virginia sweetspire and white willow were tolerant of high oryzalin concentrations while black pussywillow responded poorly to both herbicides. Exposure of semiaquatic herbaceous perennials to similar levels and durations of isoxaben and oryzalin resulted in more rapid, frequent and larger reductions in A, transpiration and chlorophyll fluorescence, especially for isoxaben (Fernandez et al., 1999) , than was found in this study. The use of virginia sweetspire and white willow for phytoremediation of water contaminated with oryzalin and probably other dinitroaniline herbicides appears to be promising based on tolerance. None of the woody perennials in this study or the herbaceous perennials in a similar study (Fernandez et al., 1999) showed promise for phytoremediation of isoxaben at the levels used in these studies.
